Abstract: Ab-initio calculations using density functional theory (DFT) are used to investigate the non-covalent interactions between single wall armchair boron nitride nanotubes (BNNTs) with open ends and several heterocyclic molecules: thiophene (T; C 4 H 4 S), benzothiophene (BT; C 8 H 6 S) and dibenzothiophene (DBT; C 12 H 8 S). In the armchair model the nanotubes exhibit (n, n) chirality; here we consider n = 5. The exchange-correlation energies are treated according to the Hamprecht-Cohen-Tozer-Handy functional in the generalized gradient approximation (HCTH-GGA). A base function with double polarization is used. The geometry optimization of (5,5) BNNT-X; X = T, BT and DBT has been carried out using the minimum energy criterion in 5 different configurations of the molecules adsorbed on the nanotube. Our computer simulations have found that the preferential adsorption site of the molecule on the nanotube surface is the parallel configuration for BT and DBT, and at one nanotube end for the T fragment, with all cases having physical interactions. The polarity exhibits an increase which favors the possible dispersion, provided the electrons are polarized. The nanostructure functionalization increases the chemical reactivity which in turn enhances interactions between the molecule and the nanotube. The BNNT-dibenzothiophene work function reduction as compared with the pristine case yields the improvement of the field emission properties.
Introduction
The prediction of boron nitride nanotubes (BNNTs) published by Rubio et al. in 1994 [1] and the corresponding synthesis by Chopra et al. in 1995 [2] have motivated interest in these nanostructures. On the other hand the possible sample preparation with particular characteristics has been demonstrated: short length and open ends. These kinds of systems are suitable for biological applications [3] because they are soluble in water [4] and have prominent anticancer properties provided that they exhibit low toxicity [5, 6] . Nanotube surface functionalization allows the fabrication of devices such as glucose biosensors [7] and visible light emitting diodes [8] . Taking into account the above mentioned facts it is required to continue exploring the nanotube surface and ends (because of dangling bonds) in the context of covalent or non-covalent functionalization with different functional groups or molecules to tailor electronic properties. Theoretical reports [9] [10] [11] [12] [13] [14] have shown variations in the electronic and magnetic properties of both nanotubes and nanosheets made up of BN when these structures interact with organic molecules or functional groups. On the other hand note that aromatic molecules such as thiophene (T; C 4 H 4 S), benzothiophene (BT; C 8 H 6 S) and dibenzothiophene (DBT; C 12 H 8 S), which belong to the heterocyclic molecules, are present in petroleum production [15, 16] . These molecules are highly reactive since the sulfur and adjacent carbons 1 and 2 ( Fig. 1 ) exhibit delocalized electrons. Because of these it is possible to change the nanotube electronic properties in order to search for technological applications. In this work we analyze the surface and end functionalization effects on the structural (bond length and nanotube diameter) and electronic (polarity, chemical potential and work function which are important parameters for the device design) properties of single wall boron nitride nanotubes of chirality (5, 5) . The functionalization of BNNTs is carried out with molecules that modify electronic properties and improve applications as reported in the literature [17] [18] [19] . The choice of (5,5) chirality is because this structure exhibits a strain energy of 0.123 eV/atom which is a low energy as compared with other chiralities. This energy value indicates that the nanostructure may easily phase transform from 2D to 1D [20] .
Simulation Models and Methods
First principles total energy calculations are performed to investigate the interactions of (5,5) BNNTs with thiophenes. Studies take into account the HamprechtCohen-Tozer-Handy (HCTH) [21] functional within the generalized gradient approximation and the all-electron DNP base function which includes double polarization (this uses the p orbital of the hydrogen and d orbital of B, N, C and S) [22] as implemented in the DMol 3 quantum chemistry code [23] . The HCTH functional has been used because this yields good results when compared with experimental data, Table 1 . To determine the interaction distance between the thiophenes and the nanotube (Fig.  1) we have explored 5 different geometrical configurations: in the first the thiophene fragment is directed towards the nitrogen atom, in the second the fragment is oriented towards the boron atom, the third configuration is obtained when the thiophene is placed perpendicularly to the central hexagon of the nanotube surface, in the fourth the thiophene is placed parallel to the central hexagon of the nanotube surface and in the fifth the fragment is oriented perpendicularly to one of the nanotube ends. Charge neutrality and multiplicity 1 have been considered for the aromatic molecules, the BNNT and the BNNT-thiophenes systems. We study the properties of the The energy gap is determined as the difference between the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) orbital energies. The molecule energy adsorption on the BN nanotubes is defined as: Ead = E[(BNNT + X) -E(BNNT) -E(X); X = T, BT and DBT]. To measure the chemical reactivity we determine the chemical potential as the arithmetic average (HOMO+LUMO)/2 provided that in the free electron gas this is equal to the Fermi level and it is considered as the center of the energy gap [24] . The work function is defined as the minimum energy required to remove an electron from a solid to a point immediately outside the solid surface or the energy needed to move an electron from the Fermi energy level into vacuum. This work function is determined as the energy difference between the vacuum level (LUMO orbital) and the Fermi level (chemical potential). The molecular electrostatics potential surfaces (MEPs) are calculated as described in the literature [25] . These surfaces are usually associated with the lone pairs of the more electronegative atoms.
An orbital cut off distance of 0.37 nm is used for T, BT and DBT and 0.34 nm for BNNT-X; X = T, BT and DBT on the base function with a tolerance of 2.0 × 10 -5 Ha for the total energy convergence. The structural stability was obtained by applying the non-complex vibration frequency [26] .
Results and Discussion
The open ends of BN nanotubes saturated with hydrogen atoms are systems suitable for molecular simulations which have attracted the attention of the scientific community as was shown by Hao et al. [27] in 2006. In the work the authors investigated magnetic and electronic properties. In our studies we shall explore nanotubes in the armchair configuration, that is, structures with (5,5) chirality having both ends saturated with hydrogen atoms and interacting with the following molecules: thiophene (T; C 4 H 4 S), benzothiophene (BT; C 8 H 6 S) and dibenzothiophene (DBT; C 12 H 8 S). The main purpose of this work is to investigate the structural and electronic properties of the nanotube systems, to determine changes in the electronic properties and search for applications. The convenience of studying these systems has been discussed in a recent report [28] where it is indicated that the energy gap of the nanotubes with Hamada indices (n,n) are the most stable. In addition it is possible to synthesize tubular structures open ends [1] . Moreover BNNTs of short length are suitable for functionalization with polymers and consequently they may be applied in biomedicine and in the formation of composites with high mechanical resistance [3, 4] .
Structural properties
The geometric optimization (Table 2 ) is done using the criteria established previously. Results indicate that the atomic structure of the interaction between the BNNT and the T fragment is configuration 5 in the most stable state, that is, the geometry where the interaction is at one nanotube end with a separation distance of 4.07 and 3.92 Å (Fig. 2a) . The nanotube retains the B-N 1.45 Å bond length of the pristine BNNT structure. One effect of the interaction is the contraction on the order of 0.01 nm in the nanotube diameter; meanwhile the T geometrical parameters before and after the interactions exhibit no changes, Table 3a . The interaction of the BNNT surface with the BT fragment yields a geometry (configuration 4) parallel to that of the minimum energy. The separation distance is 3.74 Å (this distance is the separation between the BNNT boron atom and the carbon atom 1, Fig. 2b ). Similarly the B-N separation distance is 1.45 Å, however the BT structural parameters remain unchanged (Table 3a) . Finally the interactions between the BNNT and DBT display the same geometry as that of the ground state (configuration 4) with a separation distance of 3.85 Å (this distance is between DBT S atom and the BNNT surface N atom, Fig. 2c ). The DBT structural parameters are unchanged in the presence of interactions. Similar structural parameters are found in the interactions between DBT and carbon nanotubes (CNTs) with an interaction distance of 3.525 Å for the (7,7) armchair model and of 3.485 Å for the (10,5) chiral nanotube [29] structure.
Electronic properties
The interaction energy of the BNNTs with T, BT or DBT is weak which yields physisorptions (Table 4) . A similar phenomenon is observed in the dibenzothiophene adsorption on armchair (7,7) carbon nanotubes [30] . As indicated by the adsorption energy the interactions are weak (non-covalent interaction); on the other hand, the molecular electrostatic potentials (MEPs) (Fig. 3b and  3d ) indicate the possible electronic charge distribution between the nanotube and the molecule. It is found that there is a surface charge transfer in BNNT-BT and BNNT-DBT. Meanwhile in the BNNT-T system the charge transference takes place between the thiophene H atoms and the saturating H atoms at the nanotubes ends. This is in agreement with the dipole moment vector direction (Fig. 4) . However in literature reports on MEPs of the CNT-DBT system, no charge transference is found [30] .
It is important to remark that the charge of the MEPs is mostly localized at the nitrogen atoms, which resemble the pristine BNNT. On the other hand, the systems studied systems -thiophenes (Fig. 5) , BNNT-T (Fig. 6a) , BNNT-BT (Fig. 6b) , BNNT-DBT (Fig. 6c ) and pristine BNNT (Fig. 7) (Table 4 ). It is apparent that the system with DBT exhibits a gap reduction. In contrast the polarity is slightly increased form 0 D for the pristine BNNT, with a covalent behavior, to a polarity of 0.17 for BNNT-T, 0.66 for BNNT-BT and 0.69 D for BNNT-DBT. The [21, 38] and plotted by GaussSum [39] .
charge distribution is localized near the interaction zone between the nanotube and the thiophenes as indicated by the surface of the MEPs (Fig. 1d) . The polarity increase is also obtained when the BNNTs interact with other molecules [11, [17] [18] [19] . The nanotubes functionalized with BT and DBT exhibit a reduced work function from 0.45 and 0.59 eV to 1.85 and 1.71 eV, respectively, as indicated in Table 4 . Therefore the presence of adsorbates on the surface of the functionalized nanotubes offers good conditions to improve field emission properties (FEPs). Another argument for the possibility of improving the FEPs is based on the chemical potential value (Table 4) , which exhibits a small increase (-3.33 eV for the BNNT-T; -3.14 eV for the BNNT-BT and -3.30 eV for the BNNT-DBT Figure 5 : We plot the total DOS (Energy eV Vs States/eV) for thiophene a), benzothiophene b), dibenzothiophene c) at the level HCTH/6-31g(d) [21, 38] and plotted by GaussSum [39] .
Figure 6:
We show the total DOS (Energy eV Vs States/eV) for BNNTthiophene a), BNNT-benzothiophene b), BNNT-dibenzothiophene c) at the level HCTH/6-31g(d) [21, 38] and plotted by GaussSum [39] .
systems) inducing a more favorable interaction in these systems. Finally the electrical conductivity changes are calculated with the formula σ α exp (-E g k -1 T -1
), where E g is the energy gap of the HOMO-LUMO difference, k the Boltzmann constant and T (K) the temperature [31] . For a given temperature the BNNT-BT and BNNT-DBT structures display high conductivity provided that the energy gaps are 3.72 and 3.42 eV, while the BNNT and BNNT-T systems with large energy gap exhibit kinetic stability with low electrical conductivity.
Conclusions
We have presented ab-initio studies of the interactions of TF, BT and DBTF with armchair boron nitride nanotubes (BNNTs). The associated systems display physical interactions and the functionalization occurs at different NT sites: in the BNNT-TF system this takes place at the NT ends, while in the BNNT-BTF and BNNT-DBTF structures it occurs on the surfaces. The interactions induce possible charge transference as indicated by the MEP surface. The decrease of the chemical potential indicates that the interactions are favored in every case. The work function decrease of the BNNT-BTF (1.72 eV) and BNNT-DBTF (1.42 eV) as compared with the pristine BNNT indicates that the systems we have investigated are suitable for applications in the fabrication of displays, which may be studied according to molecular conduction [32] and by FEPs modification.
